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Recent developments at Watkins- 
Johnson Company have led to the 
introduction of an 8- to 18-GHz YIG- 
tuned FET oscillator. Compared with 
the Gunn oscillator, the YIG-tuned 
FET oscillator provides significantly 
more power output, improved effi- 
ciency, and greater reliability. 


This article deals with the design and 
construction of a YIG-tuned FET 
oscillator that is tunable over the 
entire 8- to 18-GHz range. The mini- 
mum output power from the oscillator 
operating into a 50-ohm load is about 
+6 dBm. The addition of a balanced 
buffer amplifier increases the power 
to about +12 dBm minimum. When 
optimized for the 12- to 18-GHz band, 
the oscillator alone generates a mini- 
mum of +10 dBm. The oscillator/ 
amplifier combination produces at 
least +15 dBm. This article presents a 
design technique of general applica- 
bility to transistor oscillator design 
and discusses a number of difficulties 
inherent in the design of broadband 
oscillators, especially fixed-frequency 
resonances, linearity, and power drop- 
outs at the low end of the frequency 
range. 


Broadband tunable oscillators operat- 
ing at frequencies above 8 GHz have 
traditionally used bulk-effect diodes 
as the active elements. With the intro- 
duction of 1-micron and 0.5-micron 
gate-length field-effect transistors 
(FET’s), serious competition has devel- 
oped for the diode oscillators. The 
improved efficiency and reliability of 
FET’s compared with Gunn-effect 
devices makes them especially attrac- 
tive for application where low de power 
consumption is important, such as in 
aircraft applications. 


With only a few exceptions, litera- 
ture’* on FET oscillators has con- 
centrated on narrow-band devices with 
bandwidths of less than 10%”. Also, 
most work to date has been performed 
at frequencies below 12 GHz, although 
recently some _ results have been 
reported in the 8- to 18-GHz range’. 
However, the circuits developed in this 
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recent work produce substantially less 
power than the circuit described in 
this article. 


The techniques presented here are 
employed in the design of a funda- 
mental oscillator that is tunable by 
means of a YIG resonator over the 
entire 8- to 18-GHz frequency range. 
The construction details of the oscil- 
lator are described and data on a 
typical unit are presented. 


Oscillator Design 


Table 1 shows the common-source S- 
parameters of the device initially 
chosen for this design, the NEC-388 
FET manufactured by Nippon Electric 
Corporation. Since the measurements 
are made using a test fixture that 
closely resembles the final circuit, 
parasitic bonding inductances are 
already included in the S-parameters 
and need not be taken into account at 
a later stage in the design. 


A typical oscillator topology is shown 
in Figure 1. It consists of a YIG 
resonator described by the complex 
reflection coefficient I‘R, a load 
characterized by the reflection co- 
efficient I‘, , and a circuit containing 
the active device which when con- 
nected to the load is characterized by 
the reflection coefficient S;;,. The 
conditions necessary for oscillation to 
start are IR 941 OT, ie $22 =e 
The two conditions are equivalent’? , 
so only the first is employed: 


PallSi,/el@R + 9811) =4 (1) 

or 
IPRlSiil =1 (2) 

and 


OR + O5,, =a) (3) 


Kquation (2) is the condition for 
steady-state oscillation. Once oscil- 
lations begin, S;, changes from the 





Table 1. Watkins-Johnson FET amplifier measurement. 
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small-signal values used here. There- 
fore, the condition for oscillation to 
start is taken to be, 


ITRNSi1) 1 (4) 


where S,; is the small-signal value. 
Oscillations will build from the small- 
signal conditions, and S;1 changes until 
it satisfies Equation (2). 


It will be shown later that, for a YIG 
resonator operating in the frequency 
band of interest, |[R| ~ 1. Therefore, 
the following can be taken as the 
condition for oscillation: 


ISq4/>1 (5) 
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The Feedback Scheme 


The FET can be imbedded in a variety 
of circuits which produce sufficient 
feedback to satisfy Equation (5). 
There are three possible series feed- 
back circuits and three parallel feed- 
back circuits shown in Figure 2. The 
block labeled “‘X”’ represents a reactive 
circuit. 


The circuit for this design is the 
common-gate series circuit with an 
inductor serving as the feedback 
element. Since the parallel-feedback 
type circuits require dc blocks in the 
feedback loop, they are more sus- 
ceptible to problems due to the severe 
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Figure 1. Typical oscillator circuit topology with YIG resonator, active element, and 


matching network. 
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Figure 2. Possible feedback schemes 
showing series and parallel-type networks. 


parasitics of the blocking capacitor 
that may occur at high frequencies. 
Inductive feedback is preferable to 
capacitive feedback when the circuits 
are constructed in microstrip. The 
inductance of the feedback element is 
easy to adjust for optimum perfor- 
mance, while the capacitance is dif- 
ficult to change. Finally, the common- 
gate configuration has the advantage 
over common-source and common- 
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drain because the gate is operated dc 
grounded. This eliminates the need for 
any dc blocks or rf shorts in the feed- 
back circuit, thereby further elimin- 
nating parasitics. The complete circuit 
is shown in Figure 3. 


The first step in the design is the 
calculation of the common-gate S- 
parameters of the FET for various 
values of feedback inductance. Table 2 
lists the S-parameters for 0.3, 0.5, and 
1.0 nH inductance. Note that for 1 nH, 
[S;1| is greater than 1 from about 9 
GHz to 13 GHz, so oscillations will 
occur over this frequency range with- 
out a matching network; a 50-ohm load 
is all that is required. As the inductance 
decreases, |S;,| peaks at higher fre- 
quencies. However, for the transistor 
under consideration (NEC 388), there 
is no value of inductance that makes 
ISi44| > 1 above 14 GHz. To obtain 
oscillation above 14 GHz, a matching 
network must be placed between the 
drain and the 50-ohm load. 


If the matching network is charac- 
terized by a reflection coefficient I‘, 
(see Figure 3), then 


; S12 Sa1 
541 = 811° 


===6 
Te eee) 


The objective is to choose a I‘, at 
all frequencies of interest so that 
[S141 > 1 for a particular feedback 
inductance. 


Looking at a Smith chart for the S11 
plane, it can be seen that the con- 
dition Sail = 1 defines a circle which 
is the border of the chart. It divides 
the plane into two regions, one inside 
the circle having |S;;| < 1 and one 
outside the circle with |S;;| > 1. 
Since equation (6) is bilinear in the 
variables S;, and I’,, it follows that 
circles in the S;, plane are mapped 
into circles in the I‘, plane. The cir- 
cle in the I’, plane, like the corre- 
sponding one in the Sj plane, will 
divide the I, plane into two regions, 
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OSCILLATOR CIRCUIT WITH MODEL FOR RESONATOR. DC BIAS CURRENT HAS BEEN 
REMOVED SHOWING PARAMETERS OF INTEREST. 


Figure 3. Complete oscillator circuit including parallel resonant circuit model for YIG. 


Table 2. Common Gate S-Parameters. 


FREQ S44 S42 S94 S99 
(MHz) | MAG. ANG |MAG  ANG| MAG. ANG | MAG ANG 


0.3 nH FEEDBACK 
8000 0.319 
10000 0.487 
12000 0.586 
14000 0.801 
16000 0.754 
18000 0.495 
0.5 nH FEEDBACK 
8000 0.438 
10000 0.792 
12000 1.219 
14000 0.919 
16000 0.611 
18000 0.433 
1.0 nH FEEDBACK 
8000 0.954 
10000 2.690 
12000 1.431 
14000 0.645 
16000 0.450 
18000 0.386 





that which corresponds to |Sj4| < 1 


and that which corresponds to |S74|. 


Cale 


This I, circle can be constructed in 
two ways. First, equation (6) can be 
solved for I',_, giving 


Si1- S14 
| (Ae Segheer 32 ae Se een ee 
912 921 +911 822-811 522 
(@) 
Substituting in the known S-para- 


meters and letting S;, vary over all 
complex values of unit magnitude will 
produce the required circle. Alter- 
natively, one can solve for the location 
of the center of the circle, M, and its 
radius, R, by solving"! 


S39 - 811 (S71 S22 - S72 $31) 
ISzal* - 1S11 S22 - S12 Sail? 
(8) 


S12 Sa1| 


Sool? - |S11 S22 - Si2 Ba 


where, Sj = complex conjugate of Sj. 


Once the circle is plotted, the remain- 
ing task is to determine whether the 
region inside or outside the circle is 
the unstable (|S;;| > 1) one. This can 
be done immediately by noting that 
the center of the chart, [, = 0, 
corresponds to $;1=S 41. Since S71 is 
known from Table 2, it is apparent 
whether the center of the chart is 
stable (|S71| <1) or unstable (|S44| > 
1). Since the circle divides the chart 
into two regions, the region which 
includes the center has the same 
stability as the center, while the other 
region has the opposite stability. 
Figure 4 shows these circles plotted 
for 1 nH feedback inductance, with 
arrows pointing toward the unstable 
region. 


Also plotted in Figure 4 is a tra- 
jectory of [T, with frequency that 
would be sufficient to produce oscil- 
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lations across the 8-18 GHz range. © 
The design problem then becomes 
the construction of a matching circuit 
that is described by a [,, similar to 
that in the figure. 


Two questions are relevant to the con- 
struction of the matching circuit: 
1) among all the possible loads similar 
to that in Figure 4, what is the “‘ideal’’ 
load (that which produces maximum 
power output)? 2) are there some 
loads that produce spurious oscil- 
lations? 


Although the question of maximum 
power is complicated by the fact that 
the maximum power state may be a 
large-signal state, it can be expected 
that the optimum load points be near 
the maximum of |S;,|. As [is made 
to vary, |S11| will vary according to 
Equation (6). Clearly, if |So9| > 1, then 
there is some value of |I‘, | <1 such 
that 
1 
mie SEDs 
PT 





At this point, Equation (6) becomes 
infinite, producing a maximum of $7. 
If, instead, |So9| <1, then the point 


1 
<7 ev Seek 
fe 


is outside the chart and Sj, is an 
analytic function of I . The maximum- 
modulus theorem?’ then tells us that 
the maximum of |S;,| occurs on the 
boundary of the chart. As an example 
of the first case, at 8 GHz, according 
to Table 2, the maximum occurs at 


i835 
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1.335 


which is plotted as point A in Figure 
4, At 18 GHz the maximum occurs at 
the boundary. Figure 5 shows |S44| 
plotted as a function of the angle of 
leretore | eisit—=2 O19-sand. {I (= 1.0. 
There is a gentle maximum around 
275°, indicating that the power is not 
a strong function of the match at the 
higher frequencies. This point is 
plotted in Figure 4 as point B. 


@ 18 GHz 


At the higher frequencies, the impor- 
tant restriction on the match is 
spurious oscillations rather than power. 
If the impedance presented to the 
YIG is’ sufficiently capacitive, a 
resonance with the inductive YIG 
coupling loop may occur, producing 
a fixed frequency output. If the loop 
inductance is 1 nH, the reflection 
coefficient of the resonatgr will be 
approximately IR = e!'* . So, for 
£8141 <-45 , there will be a possible 
spurious oscillation. At |I,| = 1 the 
condition 1S;; < -45° corresponds 
to LT, <-139°; so the shaded area 
in Figure 4 is potentially unstable 
against spurious oscillation and should 
be avoided. Larger loop inductances 
make the spurious area larger. 


Effects of the YIG 


The YIG together with coupling loop 
is modeled in Figure 3 as a parallel 
RLC circuit in series with an inductor. 
The element values’ are given by 


L=— 


QW (10) 





1 Q 


=—= — 


Loses (lal) 

V 
R = Uo Q(277 )(47M) 
di e(2) 


where W, is the frequency to which 
the YIG is tuned, V is the sphere 
volume, d is the diameter of the 
coupling loop, Q is the unloaded Q of 
the sphere, WU, is the permeability of 
free space (47 X 10°’ newtons/ 
(ampere) ), y is the gyromagnetic ratio 
of the electron (2.8 MHz/gauss), and 
47M, is the saturation magnetization 
of the resonator (1750 gauss in the 
case of pure YIG). 


The impedance of the _ resonator 
becomes: 
R 
LO Os aa 





Choosing a YIG diameter of 0.2 mm 
and a loop of 0.5 mm, together with 
Q = 2000 and 0.1 nH coupling loop 
inductance, gives the result in Figure 6 
for I'm at near 12 GHz. If the match- 
ing circuit at 12 GHz were chosen to 
be a 50 ohm load, then S11 = S41 = 
1.43 ei14-” Since the oscillation con- 
dition is [Rp = -LS41, the angle of 
TR must be about -14°, giving an 
oscillation frequency of about 12.016 
GHz, instead of the 12 GHz to which 
the YIG is tuned. This phenomenon 
is called ‘‘pulling,’ and causes oscil- 
lator non-linearity with tuning cur- 
rent. To improve the linearity, it is 
necessary to spread the plot in Figure 
6 so that, for example, the 12.02 GHz 
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point is moved to the location of the 
12.05 GHz point. This brings the 
oscillation frequency at -14° closer 
tO Wo. This spreading can be accom- 
plished by decreasing R, which, in 
turn, can be done by decreasing 


Ni 


e 


in Equation (12). Physically, this 
implies using a smaller sphere or 
larger loop. However, there is a limit 
to this procedure. As the frequency 
decreases to, say, 8 GHz, R decreases 
to 2/3 of its value at 12 GHz because 
R depends on Q, which, in turn, 
depends linearly on frequency. As R 
gets smaller, the locus in Figure 6 gets 
closer to the center of the chart, 
decreasing |I‘R|. Since |[R||S44] = 1 
is necessary for oscillation, the oscil- 
lation will cease if |IR| decreases too 
much. Thus, the price of good linearity 
is the possibility of power dropouts 
at the low end of the frequency band. 








Design of the Circuit 


Designing a circuit that produces a 
I, like that shown in Figure 4 is 
basically a trial-and-error procedure — 
no direct synthesis technique exists. 
The network chosen is a microstrip 
filter structure as shown in Figure 7. 
The shorted stub provides the means 
for biasing the drain of the FET. 
The match provided by this circuit 
is shown in Figure 8, plotted atop the 
stability circles that result from 0.6 
nH feedback inductance. 


Circuit Construction 


The circuit was fabricated on a 0.38- 
mm thick, fused-silica substrate, using 
thin-film MIC technology. 


The unpackaged GaAs FET chip was 
die-attached directly to a gold-plated 
molybdenum carrier whose thermal 
coefficient of expansion approximates 
that of fused silica. Molybdenum was 
used also because it is non-magnetic. 


To minimize the stray circuit parasitics, 
the FET was die-attached as close as 
possible to the circuit with minimum 
lead lengths. Source inductance was 
minimized by using a 0.025 mm X 
0.635 mm gold ribbon for the YIG 
coupling loop and an Au wire mesh 


(24,24) 


pa iN 


was used to bond from the source pad 
of the FET to the coupling loop. A 
3-terminal chip voltage regulator was 
die-attached to the circuit to provide 
a regulated bias voltage to the FET 
and also used to suppress any tran- 
sients which could damage the FET. 


An electronically regulated heater 
circuit was incorporated which pro- 
vided temperature variations of less 
than +1°C to the YIG sphere from 
= OAROH OL coeC! 


The entire circuit was enclosed in a 
magnetic shell housing which was 
hermetically sealed by welding. 


Figure 9 is a photograph of the oscil- 
lator circuit followed by a buffer 
amplifier. The buffer amplifier 
improves the output power by about 
©) dB and provides 15 to 20 dB of 
isolation from load variations. 


The transistor used in the construc- 
tion had S-parameters similar to those 
used in the design stages, with saturated 
drain-source current of Ipss = 60 mA 
and transconductance of g,, = 40 
mmho. 


Experimental Results 


Output power versus frequency is 
shown in Figure 10. The power with- 


(zo. 0s) 


50 OHM 


BIAS 


50 pf ap =a 


Figure 7. Network chosen to provide 8-18 GHz match. 


out the amplifier varies from +6 dBm 
minimum to +16 dBm maximum. The 
addition of the buffer amplifier 
improves the output power by about 
D dB. 


With the gate inductance decreased 
and the circuit optimized for the 12- 
18 GHz band, minimum power im- 
proved to 10.8 dBm for the oscillator 
alone. Data are displayed in Figure 11. 
The transistor operating conditions for 
all this data were about 50 mA (Ips) 
and 5 volts (Vps), giving a peak 
efficiency of 16%. 


palsy: Y, fe 
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Conclusions 
Right ee, Retlce On Och ctor! tact This article presents results on a YIG- 
matching network compared to stability 


Sreleetrona Bore GUE tuned FET oscillator that is tunable 
over the entire 8- to 18-GHz band. The 
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Figure 9. Oscillator/buffer amplifier circuit constructed on fused silica. 
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Figure 10. Power output versus frequency 
across the 8- to 18-GHz band for the 
oscillator with and _ without buffer 
amplifier. 


oscillator, coupled with a _ buffer 
amplifier, produces 11.8 dBm of 
power. A general design technique is 
used which is applicable to wideband 
transistor oscillators at all frequencies. 
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Figure 11. Power output with the circuit 
optimized for the 12- to 18-GHz band. 


Also pointed out in detail are the 
effects of the resonator circuit on 
linearity and low-frequency dropouts, 
and the means of avoiding spurious 
oscillations. 
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